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ABSTRACT 

We present analyses of the physical conditions in the z(0 vi) = 0.22496 and z(0 vi) = 0.22638 
multi-phase absorption systems detected in the ultraviolet HST / STIS and FUSE spectra of the quasar 
H 1821 + 643 (my — 14.2, z em — 0.297). Both absorbers are likely associated with the extended halo 
of a ~ 2L* B Sbc-Sc galaxy situated at a projected distance of ~ 116 h^ x kpc from the sight line. 
The z — 0.22496 absorber is detected in C II, C in, C iv, O III, O VI, Si II, Si in and H I (Lya - 
Lyf?) at > 3(7 significance. The components of Si III and Si II are narrow with implied temperatures 
°f T < 3 x 10 4 K. The low and intermediate ions in this absorber are consistent with an origin in 
aT~ 10 4 K photoionized gas with [Si/H] and [C/H] of ~ —0.6 dex. In contrast, the broader O vi 
absorption is likely produced in collisionally ionized plasma under nonequilibrium conditions. The 
z(0 vi) = 0.22638 system has broad Lya (BLA) and C in absorption offset by v = —53 km s _1 from 
O vi. The H I and C in line widths for the BLA imply T = 1.1 x 10 5 K. For non-equilibrium cooling 

we obtain [C/H] 1.5 dex and AT(H) = 3.2 x 10 18 cm~ 2 in the BLA. The O VI, offset from the 

BLA with no detected H I or C III, is likely collisionally ionized at T ~ 3 x 10 5 K. From the observed 
multiphase properties and the proximity to a luminous galaxy, we propose that the z — 0.22496 
absorber is an extragalactic analog of a highly ionized Galactic HVC, in which the O vi is produced 
in transition temperature plasma (T ~ 10 5 K) at the interface layers between the warm (T < 5 x 10 4 K) 
HVC gas phase and the hot (T > 10 6 K) coronal halo of the galaxy. The z = 0.22638 O vi - BLA 
absorber could be tracing a cooling condensing fragment in the nearby galaxy's hot gaseous halo. 

Subject headings: galaxies: halos, intergalactic medium, quasars: absorption lines, quasars: individual: 
H 1821+643, ultraviolet: general 



1. INTRODUCTION 

Quasar absorption line studies as well as galaxy forma- 
tion models have shown that the baryons in the extended 
halos of galaxies exist in the form of structures with dif- 
ferent masses, spatial scales, densities and temperatures. 
In the Milky Way, the multiphase composition of the 
halo is evident from the distribution of numerous neu- 
tral and warm0 high velocity gas clouds ( HVCs) pressure 
supp o rted by the h ot and diffuse co rona ( Scmbac h et al.l 
2003; Collin s"et^[2^0llFoxTt al.1 120041) . The" sources 
of high velocity gas surrounding the Milky Way include 
tidally stripped gas during interactions with satellite 
galaxies, accreting gas from the IGM, galactic scale out- 
flows, and fragmentations from the cooling of a hot halo 

1 Based on observations with the NASA/ESA Hubble Space Tele- 
scope, obtained at the Space Telescope Science Institute, which is 
operated by the Association of Universities for Research in Astron- 
omy, Inc., under NASA contract NAS 05-26555, and the NASA- 
CNES/ESA Far Ultraviolet Spectroscopic Explorer mission, oper- 
ated by the Johns Hopkins University, supported by NASA con- 
tract NAS 05-32985. 

2 Department of Astronomy, University of Wisconsin-Madison, 
Email: anand, savage, wakker@astro.wisc.edu 

3 Throughout this paper we use the terms warm and hot in a 
manner that is consistent with the traditional definition of these 
terms in ISM astronomy. Thus, warm refers to gas with T ~ (0.3 — 
3) X 10 4 K, and hot refers to gas with T > 10 6 K. For intermediate 
temperatures of T ~ (0.5 — 10) X 10 5 K, we use the term transition 
temperature to covey that gas in this unstable temperature regime 
is likely not in a state of equilibrium. 



see reviews by IWakker fc van Woerden] Il997t IRichterl 
l2006al) . Detecting multiphase gas in the gaseous halos of 
external galaxies provides an opportunity to trace these 
varied processes at higher redshifts. The multiphase na- 
ture of the absorber can only be fully understood through 
a combination of line diagnostics from low, intermediate 
and high ions. Close resemblance of the physical proper- 
ties with the high velocity gas in the Galactic halo can 
be a crucial pointer towards the specific nature of these 
higher redshift systems. 

Among the high ions, Ovi AA1032, 1038 lines have 
been of particular importance for tracing interstellar gas 
with T ~ (1 — 3) x 10 5 K, due to the high relative abun- 
dance of oxygen and the large oscillator strength of the 
doublet lines (/1032 = 0.133, /103s = 0.067). Ultraviolet 
spectroscopic observations of sight lines towards extra- 
galactic objects have detected Ovi AA1032, 1038 A ab- 
sorption associated with many of the H VCs in the halo 
of the Milky Way. The FUSE survey of ISembach etal] 
(2003) found - 60 - 85% of the sky covered by these 
high velocity O vi absorbing clouds. Some of this 
O vi is drawn from the same population as the neu- 
tral HVCs with N(R 1) > 2 x 10 18 cm" 2 and thus is 

4 We use the oscillator strengths and the rest-wavelengths of 
electronic transitions from the atomic data given in Verner et al. 
(1994, 1996) for A < 912 A and IMortor] ( t2000l . [200^'l . The wave- 
lengths are given as vacuum wavelengths rounded to the nearest 
natural number. 
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also detected in 21-cm radio emission above this col- 
umn density limit. This neutral population has a sky 
covering fraction of ~ 30%. The more highly ionized 
HVCs are detected through their absorption in the opti- 
cal and UV spectra of background sources. Their non- 
detection in 21-cm emission const rains the H I column 
density to N(H i) < 2 x 10 18 cm" 2 (iSembach et al.lll999t 
Wakker et all [20031: ICollins et all 120041: IGanguTv et al.l 
20051) . The O vi is an excellent tracer of collisionally 
ionized gas since E > 114 eV energies are required for 
its production from lower ionization stages. The obser- 
vational constraints set by the ionic column density ratio 
of O vi with low/intermediate ions such as Si II, C II, 
Si III, C in and other high ions such as C iv, Si iv and 
N v indicate that the ionization process in the high ve- 
locity gas phase traced by O vi is dominated by collisions 
of electrons with ions in a plasma with T ~ 2 x 10 5 K. 
The gas at this temperature is susceptible to strong 
radiative cooling, wit h the O VI ion also acting as a 
major cooling agent ([Sutherland fe Dopital [1993). In 
Galactic HVCs, the transition temperature phase with 
T ~ (1 — 3) x 10 5 K forms from the interaction of warm 
photoionized gas with the hot coronal halo, and is de- 
scribed by a temperature intermediate to the warm an d 
hot phases ([Sembach et al.ll2003T: iFox et al.|[200l I2005T) . 

Our current knowledge on the physical state of the 
highly ionized HVCs in the Galactic halo provides use- 
ful indicators for understanding the nature of O vi ab- 
sorption line systems detected at higher redshift. The 
rcdshift number density dN/dz ~ 15 for absorbers with 
W r (0 VI A1032) > 30 mA at z < 0.5 determined 
from observations ([Tripp et al.1 120081 : iDanforth fc Shulll 
I2008T ) an d supported by cosmologica l hydro dynami c sim- 
ulations (iTumliiison & Fani l2005al ICen fc Fang! [2001 
IQppenheimer fc Pavel [20091) indicates a high frequency 
of incidence for O vi absorbers at low-z. Similarities 
in physical conditions with Galactic HVCs would sug- 
gest that at least some fraction of the population of the 
O vi absorbers are tracing high velocity gas in exter- 
nal galaxies. Evidence is emerging from absorber-galaxy 
pair studies in quasar fields as well as more general 
correlation studies between absorbers and databases of 
galaxies from wide field surveys in favor of O vi absorp- 
tion preferentially tracing gas in the immediate vicinity 
(impact parameter, p < 500 h^ 1 kpc) of one or more 
galaxies dSembach et al.ll2004j; iTumlinson fc Fa ng 2005a; 
Stocke et alj|2006t ITripp et all 120061: iWakker fc Savage! 
20091: iChen fc Mulchaevi 120091 ). Whether the absorption 
in all those cases is arising from a distinct gaseous struc- 
ture embedded within the galaxy's halo, from a more dif- 
fuse gaseous envelope surrounding the galaxy or from an 
intergalactic filament networking the individual galaxies 
is not always evident. In a subset of nearby O VI ab- 
sorbers detected at high velocities with respect to the 
LSR, the ionization properties, galactocentric distances 
and location in the region of the sky surrounding the 
Milky Way are all consistent with an origin in the gen- 
eral Local Group enyironm ent rather than the Galactic 
halo ([Sembach et al. 2003T). It is therefore possible that 
some of the O vi absorbers detected at higher redshifts 
could also be tracing clouds within a group environment 
rather than the gaseous halo of one of the galaxies in 
the group. A detailed understanding of the physical con- 



ditions and metallicity in each absorber might help to 
distinguish its origin and location. 

In this paper we describe the astrophysical nature of 
two multiphase absorption systems detected along the 
sight line to the brigh t quasar H 18 2 1 + 6 4 3, that were 
previo usly r eported in iSayage et al.l ([1998J ). ITripp et"al"1 
(|2000D and ITripp et al.l (|2008[ ). The two absorption 
systems are within Av ~ 350 km s _1 of each other. 
Ground based imaging observations of this quasar field 
have identified ga laxies in the vicinity of these absorbers 
(ISchneider et al.l 119921 : iSavage et ail 119981 : ITripp et al.1 
1998). The organization of this paper is as follows. In 
Sec. 2 we provide details on the observations. Sees. 3 
and 4 describe the observed properties of the two absorp- 
tion systems. Ground based imaging observations of the 
H 1821 + 643 field and information on the galaxy iden- 
tified in the vicinity of the absorbers are given in Sec. 
5. Petailed investigations of the various ionization sce- 
narios in each absorption system is considered in Sec. 6, 
followed by explanations on the astrophysical nature of 
these absorbers (Sec. 7). The main results are summa- 
rized in the last section. 

2. OBSERVATIONS 

In our analysis, we use STIS and FUSE ultraviolet 
spectra of the quasar H 1821 + 643. The STIS observa- 
tions include the higher resolution (FWHM ~ 7 km s _1 ) 
FUV echelle E140M with the 0.2" x 0.06" slit, and the 
lower resolution G230M (FWHM ~ 30 km s" 1 ) grating 
with the 52" x 0.05" slit spectra that cover the wave- 
length intervals 1150 - 1730 A and 1840 - 1930 A respec- 
tively (Prop . IP: 8165). The d etails of the observation s 
are given in ITripp et all ([2000D and ITripp etaD (|2008f ). 
The STIS spectra combines a total integration of 50.932 
ks in the E140M and 25.236 ks in the G230M gratings. 
The co-added E140M spectrum has a mean S/N ~ 18 
per 7 km s -1 resolution element, and the G230M has a 
mean S/N ~ 26 per 30 km s _1 resolution element. 

The FUSE spectrum spans the 912 - 1187 A wave- 
length range and thus covers the higher order Lyman 
series lines as well as a few metal lines for the absorp- 
tion systems discussed in this paper. The spectral res- 
olution is ~ 20 km s _1 . A velocity shift was applied 
to the exposures in each detector segme nt so that the 
spectral features are correctly aligned (see IWakker et al.l 
12003b lWakkerl[2006l for details). The magnitude of this 
shift was determined by fitting the velocity centroids of 
low-ion absorption components in the FUSE spectrum 
and aligning them with the respective low-ion compo- 
nents in the STIS spectrum. The final spectrum ob- 
tained by co-adding the various FUSE exposures with 
a total integration time of 280 ks was measured to have 
a mean S/N ~ 28 per 20 km s _1 resolution element for 
A > 1000 A and significantly lower for A < 1000 A. Cer- 
tain regions of the FUSE spectrum were affected by con- 
tamination from the interstellar absorptio n. We u s ed the 
catalog of molecular hydrogen lines from Wakker (2006) 
for this sight line to distinguish possible contamination. 
The spectra were normalized to the level of a continuum 
determined using the IRAI0 SFIT procedure. 

5 IRAF is distributed by the National Optical Astronomy Ob- 
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3. PROPERTIES OF THE Z = 0.22496 ABSORBER 

The z(0 vi ) = 0.22496 absorption system detected 
along the H 1821 + 643 sightline is plotted in Fig- 
ure 1 and the line measurements are listed in Table 1. 
In addition to Ovi AA1032, 1038 A lines, the spectra 
also show absorption from C 11 A1335 A, C ill A977 A, 
O in A833 A,Si 11 A1260 A, and Si III A1207 A lines. The 
C iv AA1548, 1550 A lines associated with this system are 
detected at lower resolution (FWHM ~ 30 km s _1 ) in 
the STIS G230M grating spectrum. The Si iv A1394 A 
is a tentative detection, as we discuss later in this sec- 
tion. The H 1 absorption is seen in multiple Lyman series 
lines. The wavelength corresponding to the redshifted 
O in A833 A line is covered by the lower resolution FUSE 
data. The line profile is contaminated by Si 11 A1021 A 
absorption from the Galactic spiral arm (the Outer Arm) 
at vlsr ~ —120 km s _1 . However, the strength of the 
unsaturated Galactic Si 11 A1526 A along this sight line 
suggests that the Si 11 A1021 A overlapping the O ill ab- 
sorption is a weak feature with an estimated equivalent 
width of W ~ 30 mA0. A fit to the Si 11 A1526 A high 
velocity feature yields iV(Si 11) and 6(Si 11). Using these 
line parameters, we show in Figure 1 the expected con- 
tamination from Galactic high-velocity Si 11 A1021 A by 
synthesizing a line profile . Most of the absorption seen at 
A ~ 1020.3 A is from the O ill A832 A feature associated 
with the z = 0.22496 absorber. Where ever possible we 
use measurements from fitting theoretical Voigt profiles 
to absorption lines. In certain cases we also quote the 
column density d erived from the apparent o ptical depth 
(AOD) method of lSavage fc Sembachl (fl99lh. In Table 1 
we list the apparent column density (jSavage fc Sembachl 
1991) of O in by integrating over the -70 to 58 km s -1 
velocity interval range. For v > 58 km s _1 , there is 
very strong contamination from low velocity Galactic 
Si 11 A1021 A. The O iv A787 A line is heavily affected 
by interstellar H2 absorption. The region correspond- 
ing to the redshifted Ne vm AA770, 780 A has low S/N 
(~ 4 per 10 km s _1 bin) and thus lacks the sensitivity for 
a relatively weak line detection. We therefore quote the 
Ne vm column density as a limit based on non-detection 
at the 3cr significance level. The Nv AA1238, 1242 A dou- 
blet lines are also non-detections. 

The complex velocity profile of H 1 suggests blending of 
different absorbing components. We use the automated 
Voigt profile fitting routine described in iChurchill et al.l 
(2003) to decompose the profile and determine the com- 
ponent structure. We assume Gaussian line spread func- 
tions corresponding to the resolving powers of the spec- 
trographs. Applying simultaneous fits to the Lya and 
higher order Lyman series lines yields a multi-component 
model that is non- unique (see Table 1). The Voigt pro- 
file fits point to some of the H 1 components being kine- 
matically broad, with &(H 1) > 30 km s _1 . If thermally 
broadened, these line widths imply T > 3 x 10 4 K. In 
Table 1, we also list the H 1 line parameters obtained by 

servatories, which are operated by AURA, Inc., under cooperative 
agreement with NSF 

6 The Si II A1021 A line is ~ 13 times weaker than the 
Si II A1526 A line. 



excluding the saturated Lya and Ly/3 lines from profile 
fitting. Even though the higher order Lyman lines are 
unsaturated, the absorption profiles are not sufficiently 
well resolved for a definitive identification of the H I com- 
ponent structure. 

Multi-component profiles are also clearly seen in O VI, 
Si in and C ill absorption. The individual members of 
the Ovi AA1032, 1038 A lines show mild differences in the 
component structure which are evident when we compare 
the apparent column density (N a (v)) profiles (see Figure 
2). The difference could be due to the effect of noise on 
one of the lines. Since the Voigt profile fitting technique 
is sensitive to such uncertainties, the O VI component 
structure is not well ascertained. The results from fit- 
ting the Ovi AA1032, 1038 A lines simultaneously and 
separately are listed in Table 1. 

The multi-component structure for an intermediate ion 
is best determined from the Si ill A1207 A line. A Voigt 
profile fit decomposes the absorption into three distinct 
components with narrow line widths (see Table 1). There 
is a > 3cr detection of a weak Si 11 A1260 A absorp- 
tion at v = 28.6 km s^ 1 with 6(Si 11) = 4 ± 1 km s _1 . 
This absorbing component is tracing the same gas as 
the Si in A1207 component at v ~ 31 km s _1 with 
6(Si in) = 6 ± 1 km s _1 . The 6(Si 11) and 6(Si m) sug- 
gest T < 6 x 10 4 K and T < 2.7 x 10 4 K in that gas. 

The C 11 A1335 A line is detected corresponding to the 
v ~ 3 km s _1 Si ill component. The blue end of the ab- 
sorption is close to a gap between adjacent echelle orders, 
which appears as a emission-like feature in the displayed 
spectrum (see Figure 1). In the complicated C III absorp- 
tion profile, at least four components are clearly evident. 
The positive velocity wing of the C ill profile is fit us- 
ing a broad component centered at v = 24 km s _1 with 
b(C in) = 64 ± 3 km s _1 which implies a temperature 
of T < 3 x 10 6 K if the line broadening is purely ther- 
mal. The other three components of C ill are relatively 
narrow and aligned with Si ill. 

In the case of Si iv, a weak absorption is detected 
at the expected wavelength of the A1394 A line, coin- 
cident in velocity with the v ~ 31 km s _1 Si ill com- 
ponent. We measure a rest-frame equivalent width of 
W r = 17.8 ± 5.0 mA for this feature. However, the fea- 
ture appears twice as broad as the Si 11 and Si ill compo- 
nents at that velocity which likely indicates a contribu- 
tion from a separate gas phase than those low ions. The 
Si iv components corresponding to the other two com- 
ponents of Si in are very weak with a < 3a detection 
significance. Hence, we regard the Si iv A1394 A for this 
system as tentative and list both a measured JV(Si iv) 
and an integrated 3<r upper limit. 

Comparison of N a (v) profiles of the higher order Ly- 
man series lines (e.g. H 1 A972 A) with Si III and O vi 
suggests that the H 1 components are better represented 
by Si in than O vi (see Figure 2). This points to 
bulk of the H 1 absorption occurring in the Si ill phase 
rather than O VI. The Ovi AA1032, 1038 A lines dis- 
play broader components than C II, Si II, and Si III. 
If thermally broadened, the component line widths of 
K° VI ) £ 15 km s_1 suggest T > 2.2 x 10 5 K, which is 
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much higher than the temperature that can be attained 
through photoionization. The differences in the profile 
shapes between O vi and Si in further signifies the mul- 
tiphase nature of this absorber. Nonetheless, the H I, 
Si in and O vi absorption span a similar range in veloc- 
ity (\Av\ ~ 200 km s" 1 ). The centroids of their absorb- 
ing components are not significantly displaced from each 
other. The separate gas phases are thus kinematically 
coupled, and are probably part of the same absorbing 
structure. In Sec 5 we describe the physical location of 
this absorber based on imaging data for this quasar field. 
In Sec 6.1, we discuss the ionization mechanisms in the 
gas, using constraints imposed by the measured ionic col- 
umn density ratios and the kinematics of the absorber. 

4. PROPERTIES OF THE Z = 0.22638 ABSORBER 

The measurements for the z(0 vi) = 0.22638 absorber 
are listed in Table 2. The continuum normalized system 
plot is displayed in Figure 3. The absorber is displaced 
by Aw ~ +350 km s _1 from the z — 0.22496 multiphase 
system. The H I in this absorber is offset in velocity from 
the O vi by v — —50 ± 2 km s _1 , which is significant 
for trying to understand the physical nature of this ab- 
sorption system. The line measurements at the velocity 
of this offset H I are tabulated in Table 3. 

A simultaneous single component Voigt profile fit to 
Ovi AAI032,I038 A lines yields log [N(0 vi) cm" 2 ] = 
13.51 ± 0.04, b(0 vi) = 16 ± 2 km s" 1 . The 6(0 vi) 
constrains the gas temperature to T < 2.5 x I0 5 K. 
If the line broadening is dominantly thermal, then the 
implied temperature is higher than what is plausible in 
photoionized gas. Due to the significant offset of the 
Lya from the O VI line, the H I that co-exists with the 
O vi phase needs to be determined separately. By in- 
tegrating over a \Av\ = 150 km s _1 velocity interval 
centered on the O VI absorption, we derive an upper 
limit of W^Lya) < 108 mA for H I in the same ion- 
ized phase as O vi. This translates into a column den- 
sity of log [JV(H i) cm" 2 ] < 13.4. The 150 km s" 1 ve- 
locity interval is twice the FWHM of an H I line at a 
T = 2.5 x 10 5 K (based on the O vi line width) that 
is purely thermally broadened. A closer comparison of 
the Lya profile with the O vi shows that the H I ab- 
sorption quickly recovers to the continuum level at pos- 
itive velocities from the O VI line centroid. Thus, a 
more stringent 3cr upper limit of W r (Lya) < 25 mA 
and log [-/V(n i) cm -2 ] < 12.7 can be derived by inte- 
grating over the positive velocity interval from v = to 
v = +75 km s -1 and subsequently doubling this mea- 
surement. 

At the same velocity as O vi there is no evidence 
for absorption from other species. The location of the 
O in A833 A line in the spectrum shows O iv A788 A 
absorption from a strong metal line absorption system at 
z ~ 0.2966. If the relative elemental abundances in the 
absorber are comparable to solar, then we do not expect 
to see O in A833 A, since the C in A977 A line, which 
is usually ~ 9 times stronger, is a non-detection. The 
wavelength corresponding to the redshifted O vi A788 A 
suffers from Galactic H2 contamination. 

The Lya absorption offset from O VI is spread over 



a velocity interval of Av = 190 km s _1 . Our fitting 
routine derives a two component Voigt profile fit to 
the Lya feature. Much of the H 1 absorption is aris- 
ing in a broad component at v = —50 ± 2 km s _1 
with log [N(R 1) cm" 2 ] = 13.50 ± 0.01 and &(H 1) = 
51 + 2 km s . The system is therefore a broad Lya 
absorber (BLA). The line width of the BLA implies a 
maximum temperature of T = 1.6 X 10 5 K if the line is 
thermally broadened. The broad profile can also arise 
due to kinematic effects in the absorbing gas. 

We also detect a shallow and broad C ill A977 A ab- 
sorption feature coincident in velocity with the BLA to 
within la uncertainty. The rest-frame equivalent width 
of W r {C in 977) = 17.3 ± 5.4 mA, makes it a detection 
that is statistically significant at the 3 a level. However, 
the measurement for such a shallow feature is subject 
to uncertain continuum placement. A single component 
Voigt fit shows that the C III A977 A line is aligned in 
velocity with the centroid of the BLA to within la un- 
certainty (see Table 3). If the BLA and C in arise in 
the same gas phase, then b(H 1) = 51 ± 2 km s -1 and 
b(C ill) =28 + 4 km s -1 imply a thermal component 
of bt(R i) = 43 km s _1 and a non-thermal component 
of b nt = 28 km s" 1 for the line widths. The thermal 
line width would give T = 1.1 x 10 5 K for the BLA gas 
phase which is several times larger than the temperature 
of gas in photoionization equilibrium. We note that the 
measured b(C in) is not significantly affected by instru- 
mental broadening since the FWHM of the ST IS E140M 
observation is only ~ 7 km s . 

The kinematic offset between the O VI and H 1 and 
their column density ratios point to the absorption aris- 
ing in regions with different ionization conditions. The 
C in appears as tracing the same ionized gas as the BLA, 
and thus can provide some constraint for the tempera- 
ture and metallicity in that phase. In Sec 6.2, we con- 
sider plausible ionization scenarios for this absorber and 
evaluate their predictions against observation. 

5. GALAXIES ASSOCIATED WITH THE TWO ABSORBERS 

Ground based imaging observations of the H 1821+643 
field have succeeded in identifying several g alaxies along 
this s i ght li ne at the absorber redshifts. iTripp et al.l 
(|1998l l2000l ) report the detection of two galaxies with 
spectroscopic redshifts of z — 0.2256 and z = 0.2265 in 
a survey centered on this quasar field. The galaxies are 
at angular distances of 32". 3 and 114". 6 from the line of 
sight to the quasar. These correspond to projected lin- 
ear separations of ~ 116 h^} kpc and ~ 412 kpc at 
z = 0.2256 and z — 0.22650 respectively. For brevity, we 
will refer to these galaxies as G and W in our discussion. 
Both galaxies are coincident in redshift with the absorp- 
tion systems at z = 0.22496 and z = 0.22638. A more 
recent survey of the H 1821 + 643 field with the Gem- 
ini North telescope has revealed four additional galaxies 
near this redshift (T. M. Tripp, private communication) 
but at several times larger impact parameters from the 
absorber. The quasar sight line is therefore intercepting 

7 assuming H g = 71 km s _1 Mpc -1 , Q m = 0.27 and S7 A = 0.73 
HWrightH200ei) . 
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a group of galaxies at z ~ 0.226. 

Savage et al. (1998) derive comparable luminosities of 
Lb ~ 2LJj for the galaxies G and W because of their 
similar apparent magnitudes of g = 19.7 and g = 19.8 
respectively. The redshift measurements indicate a sys- 
temic velocity difference of |Au| = 158 km s _1 between 
the z = 0.22496 absorber and galaxy G, and a \Av\ = 
377 km s^ 1 with galaxy W. The z = 0.22638 absorber 
has a redshift velocity difference of \Av\ — 191 km s _1 
with respect to G and |Au| = 30 km s _1 with respect 
to W. Galaxy G is at a substantially smaller impact pa- 
rameter from these absorbers compared to W. Based on 
the relative proximity, Savage et al. (1998) attributed 
the z = 0.22496 and the z = 0.22638 absorption systems 
to gas in the extended halo of galaxy G. Such an infer- 
ence is consistent with the s tatistical results from past 
absorber-galaxy surveys (e.g. lLanzetta et al.lll995fl. and 
also w ith the more recent survey by iWakker fc Savage! 
(2009), where they find the O VI absorbers having an 
origin within ~ 500 kpc of > 0.25L* galaxies, with some 
substantial fraction (~ 40%) associated with the halos of 
> L* galaxies. 

In Figure 4, we display a section of the WIYN R - band 
image of the H 1821 + 643 field published by Savage et al. 
(1998) indicating the position of galaxy G with respect 
to the sight line. The galaxy [RA(2000) = 18:21:54.5, 
DEC(2000) = +64:20:09.0] is located at 18". 2 west and 
26". 7 south of the quasar, and has an angular radius of 
6". 6 that corresponds to ~ 24 kpc. The extended source 
within ~ 4" from G is identified as a more distant galaxy 
at a redshift of z = 0.2986 (Schneider et al. 1992). In Fig- 
ure 4 we display the only available spectrum of galaxy G 
from Schneider et al. (1992), obtained at a resolution of 
- 25 A. The strong Ha + [N n] AA6548,6584 A emis- 
sion feature was used to determine the redshift of galaxy 
G to a precision of 0.0005. The relatively narrow width 
of the Balmer emission feature and the absence of strong 
[O m] AA4959,5007A emission lines indicate that galaxy 
G does not harbor an active galactic nucleus or an excep- 
tionally high star-formation rate. We note that the width 
of Ha feature in itself is not a strong indicator of high 
star formation rate (Knapen & James 2009). Based on 
careful analyses of the imaging and spectroscopic data, 
Savage et al. (1998) conclude galaxy G to be luminous 
spiral of morphology Sbc-Sc, con sistent with the st rength 
of the Ha emission line feature (|Kennicu tt) ll992allbT l. 

From the integrated Ha luminosity, we estimate the 
star-formation rate in galaxy G using the relation, 
SFR (Mfn yr" 1 ) = 7.9 x 10" 42 L(Ha) (ergs s" 1 ) from 
iKennicuttl |T998l ). This expression is a revision of Ken- 
nicutt (1983a) calibration based on updated stellar mod- 
els and IMF. The unresolved Ha + [N II] emission fea- 
ture at A ~ 8050 A in the redshifted spectrum of galaxy 
G (see Figure 4) has an observed equivalent width of 
42 A (jSchneider et al.lll992| ). We correct for the [N n] 
contami nation using the standard flux ratio Ha/[N n] 
= 2.3 (jKennicuttl Il992a| ). and also account for a 1 
mag internal extinction, typical for the relevant redshift 
dTresse fc Maddoxl fl9m . The L(Ha) - 4.3 x 10 41 ergs 
s -1 thus obtained yields a SFR ~ 3.4 M Q yr , which is 
less compared to nearby starburst galaxies such as M 82 



(~ 10 Mq yr" 1 , IQ'Connell fc Mangand[l978l) . The ex- 
tinction in Ha can be inferred directly by estimating the 
observed Balmer decrement in the spectrum of galaxy G. 
However, we are restricted in this approach due to the 
lack of reliable information on the equivalent width of 
the weak H/3 emission seen at A ~ 5955 A. Very approxi- 
mate measures from Figure 4 imply a (Ha + [N n])/H/3 
flux ratio of ~ 10. Adapting thi s flux ratio and using 
equation (1) in iTresse fc Maddoxl (|l998) for extinction, 
we determine the interstellar reddening as A v ~ 2.3 mag. 
The Ha luminosity corrected for this reddening is L(Ha) 
~ 1.1 x 10 42 ergs s -1 , corresponding to a SFR ~ 8.3 M© 
yr -1 . This is comparable to the SFR in certain nearby 
actively star forming systems. However we emphasize 
that the above estimation is at best only an upper limit 
on the rate of star formation particularly since galaxy 
G's spectrum is devoid of strong [O in] and other neb- 
ular emission which are characteristic of active star for- 
mation. 

If the absorbers are residing in the halo of galaxy G, 
it is relevant to consider the galaxy as a source of ion- 
izing radiation. The ionization fractions of H I, and 
low ions such as C II and Si n can be influenced by a 
galaxy's radiation field. On the other hand, for the ion- 
ization fraction of O vi to be altered, photons with en- 
ergy E > 113.9 eV are required. The radiative inten- 
sity of O and B stars at such high energies is very low 
due to the significant opacity from He + ionization edge 
at E > 54.4 eV. The O vi ionization levels will remain 
unaffected by the photons escaping from galaxy G, un- 
less it contains an active nucleus which is inconsistent 
with its observed integrated spectrum. In Figure 5, we 
show an estimate of the ionizing spectrum from galaxy 
G at a distance of 100 kpc. The spectrum was calcu- 
lated by adapting the model for the radiation esc aping 
from the Milky Way described in iFox et all (|2005l) , and 
scaling it to the luminosity of galaxy G. This model as- 
sumes an escape fraction of 6% for the hard photons 
with A < 912 A and 22% for soft UV photons in the 
range 912 - 2460 A. The galaxy's ionizing flux is com- 
pared with the iso t ropic extragalactic background field of 
lHaardt fc Madaul (|2001l ). which has contributions from 
quasars as well as star-forming galaxies. The surface flux 
of photons with energy E > 13.6 eV from the extra- 
galactic radiation field at z = 0.225 and intercepted by 
the cloud surface is ($ = 6.3 x 10 4 cm -2 s _1 ) found to 
be a factor of ~ 6 stronger than the ionizing flux from 
the galaxy at a distance of 100 kpc. The surface flux 
of non-hydrogen ionizing photons from the extragalac- 
tic background ($ = 1.8 X 10 s cm -2 s -1 ) is also sub- 
stantially larger compared to the contribution from the 
galaxy ($ = 6.7 x 10 5 cm -2 s -1 ). 

We note that the above estimation is only an approxi- 
mation. The true flux of the radiation field from galaxy 
G at the location of the absorber will depend on several 
unknown factors including the orientation of the galaxy's 
disk with respect to the absorbers, the distribution of O 
& B stars, white dwarfs and soft X-ray sources within 

8 The surface flux of hydrogen ionizing photons is calculated as 
<& = (F v /hv) dv, where v is the frequency corresponding to 
13.6 eV. In the previous expression F v = 4irJ v , where J„ is the 
specific intensity in units of ergs s — 1 cm -2 Hz -1 str -1 . 
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the galaxy contributing towards the ionizing flux, and 
the escape fraction of those UV photons into the halo. 
However, given the 100 kpc separation between the ab- 
sorber and the galaxy, the ionization of the gas is likely to 
be dominated by the extragalactic radiation field. Hence, 
in the p hotoionization analysis of the absorbers, we use 
only the lHaardt fc Madaul (|2001[) model for the radia- 
tion field. We discuss in Sec 6.f the extent to which the 
results would vary if the estimated number density of 
ionizing photons (n 7 ) from the galaxy is also included. 

6. IONIZATION CONDITIONS IN THE TWO ABSORBERS 

In the following subsections, we evaluate the predic- 
tions made by photoionization and collisional ionization 
models using constraints set by the observed ionic col- 
umn densities and line widths. Our goal is to differentiate 
the dominant ionization mechanism in the separate gas 
phases thereby gaining insight into the physical nature 
of the absorbers. 

6.1. z = 0.22496 Absorber 

The low ions (C II, Si n), intermediate ions (Si in, 
C in) and high ions (O vi, C iv) can be used 
to evaluate the ionization of the gas in this ab- 
sorber. Photoionization c alculations we r e per formed 
using Cloudy [ver.C08.00, iFerland et aD (fl998l )] with 
the initial assumption of solar elemental abundance ra- 
tios PL_Tlifi_Jom^mgbackground was modeled after 
the lHaardt fc Madaul (|2001) extragalactic radiation field 
which incorporates UV photons from quasars and star 
forming galaxies. The component structure is best de- 
termined for Si in A1207 A (see Sec 3) and hence we 
use it to optimize our ionization models. At the same 
velocity as the v ~ 31 km s~ x component, there is a de- 
tection of weak Si n A1260 A. The Si n and Si in likely 
exist in the same gas phase, as explained in Sec 3. Using 
the A(Si n) /A^(Si in) ~ 0.2, we determine the ioniza- 
tion parameter for this component as log U = —3.0 EU 
The ionization parameter constraint is evident from the 
photoionization curves displayed in Figure 6. The H I 
component closest in velocity to the Si in component has 
an N(tt i) = 10 15 - 26 cm" 2 . Assuming that all of this H I 
is associated with the same gas phase as Si III, we derive 
a silicon abundance of [Si/H] = -0.62 dex. Synthetic 
absorption profiles based on the column densities de- 
rived from the photoionization model with log U — —3.0, 
[Z/H] = -0.62 dex are shown in Figure 7. The predicted 
C II A1335 A and C in A977 A for the v = 31 km s" 1 
component are also consistent with the data, which sug- 
gests a carbon abundance of ~ —0.6 dex (see Figure 6). 
For this component, the above model yields a total hy- 
drogen column density of Af(H) = 3.9 x 10 17 cm -2 , a 
volume density of njj = 2.5 x 10~ 3 cm^ 3 , a photoion- 
ization equilibrium temperature of T = 1.3 x 10 4 K, and 
a gas pressure of p/K = 71 K cm~ 3 . The density and 

9 The solar elemental abundances incorporates recent revisions 
and are as follows; ( C/H)p) = -3.61 dex, (Q/H)p) = -3.34 de x, 
(Si/H) Q = -4.46 dex lAllende Prieto et alj |2002; Holwcgcr 2001) 

10 Ionization parameter is denned as the ratio of the number 
density of photons with E > 13.6 eV to the hydrogen density, 
U = n 7 /nj^ 



total hydrogen column density imply a path length of 
L = 0.05 kpc for the gas cloud probed by this absorp- 
tion component. We find that the predicted O VI column 
density in this photoionized gas phase (see Figure 6) is 
~ 5 dex smaller than the observed value. 

There is uncertainty in the Si and C abundances, domi- 
nated by systematic uncertainties associated with the hy- 
drogen profile modeling and the assumptions inherent in 
Cloudy photoionization calculations. The N(H i) used 
to constrain the metallicity is based on the simplistic as- 
sumption that the profile structure, as seen in the higher 
order Lyman lines, is well represented by a two compo- 
nent Gaussian (see Figure 7). The error values given by 
the profile fitting procedure do not adequately account 
for the uncertainty in the H I component structure. The 
true N(H i) associated with the v = 31 km s" 1 Si in 
is possibly within 0.2 dex of the fit measurement. Also, 
the uncertain shape of the ionizing UV background from 
quasars results in a ~ 0. 3 dex uncertainty in the metallic- 
ity predicted by Cloudy (jAracil et al.ll2006l ) . Considering 
these systematics, we estimate the uncertainty in the Si 
and C abundances to be 0.4 dex. 

For the v ~ 3 km s _1 Si in component, there is weak 
C ii A1335 A absorption detected. The corresponding 
C in is saturated such that N(C ll)/JV(C in) < 0.3. The 
ratio provides a lower limit of log U > —3.0, correspond- 
ing to a density upper limit of njj < 1.9 x 10~ 3 cm~ 3 
(see Figure 6), comparable to the density determined for 
the 31 km s _1 component. This ionization parameter is 
also consistent with N(Si lll)/7V(Si iv) > 0.4. We note 
that the C II is a very weak feature, and the Si iv only 
a tentative detection (see Sec 3). Hence the respective 
ionic column density ratios are, at best, limits. For the 
absorbing component at v ~ —39 km s _1 the constraint 
on log U is weak due to the non-detection of C n or 
Si II. Assuming solar relative elemental abundance for 
carbon and silicon, the iV(C m)/A(Si in) ~ 20 is re- 
covered at log U ~ —2.2 (see Figure 6). Due to its 
complicated velocity profile, the H I corresponding to 
the v ~ 3 km s^ 1 and v ~ —39 km s" 1 components 
are uncertain and hence an abundance estimation is not 
meaningful. 

The strength of O vi relative to C iv, and the ab- 
sence of Si iv and N v absorption indicates that this 
separate phase is heavily ionized. The lower resolution 
[R = A/AA - 10,000, FWHM - 30 km s" 1 ) G230M 
grating spectrum does not resolve the component struc- 
ture in the C iv AA1548, 1550 A lines. To a first approx- 
imation, we can determine the ionization conditions in 
the O VI gas phase by comparing the integrated apparent 
optical depth column densities of O vi and C iv. The ra- 
tio N a (C w)/N a (0 vi) ~ 0.2 ratio is recovered through 
photoionization at an ionization parameter of log U ~ 
—0.8 which corresponds to njj = 1.1 x 10~ 5 cm~ 3 . If wc 
assume that this O vi absorbing gas has the same abun- 
dances as the Si in in the 31 km s _1 component, then 
a log U = -0.8 model yields N(R) = 7.9 x 10 18 cm" 2 , 
n H = 1.1 x 10~ 5 cm" 3 , T = 3.3 x 10 5 K, p/K = 8.2 cm" 3 
K, and a path length of ~ 230 kpc. Such a large path 
length and low pressure is unrealistic given the close kine- 
matic coupling between O vi and the lower ionization gas 
traced by Si III, C III, Si II, and C n which has higher 
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pressure and much smaller physical size. Increasing the 
metallicity in the O vi gas to solar would still yield a 
path length of ~ 60 kpc, which is still ~ 3 orders of mag- 
nitude bigger than the size of the lower ionization gas 
clouds. 

A more realistic scenario is the production of O vi 
through collisional processes in a higher temperature gas. 
Collisional ionization equilibrium (CIE) models predict 
the measured 7V a (C iv)/7V a (0 vi) ~ 0.2 at T ~ 2 x 
10 5 K. Such a CIE temperature is consistent with the ab- 
sence of Si iv and N v, and also iV a (C m)/iV a (0 vi) > 
0.5 (assuming solar abundance ratios). However, gas in 
the temperature range of T ~ (1 — 5) x 10 5 K under- 
goes rapid radiative cooling and will be displaced from a 
state of thermal equilibrium. Non-equilibrium collisional 
ionization processes thus become important for the pro- 
duction of O vi in this absorber. 

In multiphase gaseous environments such as the Galac- 
tic high velocity clouds (HVCs) and the local interstel- 
lar medium (LISM), nonequilibrium collisional ionization 
models have been particularly successful in explaining 
the origin of O VI dSembach et al.l l2003t iFox et all 12004; 
ISavaee & Lehne3 l2006'l . In the next section, we compare 
the z = 0.22496 absorption system to Galactic high ve- 
locity gas where the origin of O vi is better understood. 
The proximity of the z — 0.22496 absorber to a luminous 
galaxy (see Sec 5) makes such a comparison relevant. 

6.1.1. The z — 0.22496 Absorber as an Extragalactic Analog 
of Galactic HVC 

Galactic HVCs detected in high ions are multi-phase 
systems with a mix of warm (T - 10 4 K) gas traced 
by low/intermediate ions and a higher ionization gas 
phase at a higher temperat ure (T ~ 10 5 K) trac e d pri- 
marily by O v i and C iv dSembach et alj l2000l [200l 
IFox et aUl200l . 120051 iGangulv et al.N20m The higher 
temperature is usually evident from the line width of 
O vi components which are, on average, broader than 
the components seen in low/intermediate ions. The 
N(0 vi)/iV(H i) in Galactic HVC samples span a wide 
range (~ 10~ 6 — 10~ 2 ), even though the observed 
N(0 vi) is usually within 1 dex of ~ 10 13 cm~ 2 , sug- 
gestive of entirely different ionization mechanisms oper - 
ating in the H I and O vi gas phases (jFox et al.l 12005). 
In HVCs, photoionization under the influence of an ex- 
tragalactic radiation field or a radiation field escaping 
from the Galaxy is found to be sufficient to explain the 
observed strength of low/intermediate ions, whereas the 
N(0 vi) (and to som e extent C iv) is inco nsistent with 
a similar origin (e.g. IFox et al.l[20f)l [2005h . Such over- 
all properties of the highly ionized Galactic HVCs are 
remarkably similar to what we find for the z — 0.22496 
absorber (see Sec 6.1). The photoionizcd components 
in Galactic HVCs have densities [njj ~ (1 — 10) x 
10~ 3 cm -3 ], and physical sizes [L ~ (20 — 500) pc] which 
are in the range of what we derive for the C II, Si II, Si III 
phase in the z = 0.22496 absorber. Collisional ionization 
models for Galactic HVCs, with temperatures typically 
of T ~ 1.7 x 10 5 K well reproduce the observed io nic ra- 
tios such as N a (C m)/N a (0 vi) (|Fox et al.ll2006h . This 
is also consistent with the temperature for the O VI phase 



given by the component line widths in the z = 0.22496 
absorber. 

Based on careful analysis of the close kinematic asso- 
ciation of O VI absorption with low/intermediate metal 
ions, and the column density ratio predictions provided 
by various ionization models, several authors have pro- 
posed that the Galactic high velocity O vi is most likely 
produced at interface layers betw een warm gas clouds 
and a hot exter i or me dium (e.g. iSembach et al.1 [20031 : 
IFox et al.1 12004 120051 ). In the halo, the hot exterior 
medium corresponds to the diffuse [njj ~ (1 — 10) x 
10~ 5 cm~ 3 ] coronal plasma with T ~ (1 - 3) x 10 6 K 
extending to galactocentric distances of R > 70 kpc. 
The steep temperature gradient between the warm pho- 
toionizcd HVC phase and the hot exterior gas gives 
way to heat transport through electron collisions result- 
ing in transition temper atures T ~ (1 — 6) x 10 5 K 
at the interface layers (jSavage fc Lehnerl [2006). In 
the interface layers equilibrium ionization conditions 
are unlikely and the ionization state of the gas cannot 
be described using a single temperature. Among the 
various nonequilibrium processes, conductive interface 
mode ls (jBoehringer fc Hartquist] Il987t iBorkowski et al.1 
11990( 1 have been particularly successful in reproduc- 
ing the range of high ion column density ratios, and 
also the velocity offsets between the absorption from 
the w arm phase and the interface gas ()Fox et al.l 12004 
2005). The high ion ratios of N a {C w)/N a {0 Vi) ~ 0.2, 
N a (N v)/N a (0 vi) < 0.1, N a {Si lv)/iV a (0 vi) < 0.04 
which we measure for the z = 0.22496 absorber are fully 
consisten t with a condu ctive interface model (see Fig- 
ure 12 of IFox et al.ll200l . A single conductive interface 
layer is predicted by the models to yield a N(0 vi) ~ 
10 13 cm -2 . This value is ~ 1.5 dex lower than the ob- 
served integrate d O VI column density . In the context of 
Galactic HVCs, Semb ach et al.l ()2003l ) have shown that 
higher values of integrated O vi column densities can be 
explained using multiple interface layers formed at the 
boundaries of the several small-scale fragments within 
the clouds. The multi-component profile of O vi in the 
z = 0.22496 absorption system is consistent with such 
a scenario. Also, the T ~ (1 — 6) x 10 5 K expected 
for the transition temperature plasma agrees with the 
6(0 vi) > 15 km s" 1 in the individual components of 
the absorption. 

A distinct possibility thus exists for the z — 0.22496 
absorber to be a multiphase high velocity cloud system 
embedded within the halo of galaxy G, the galaxy clos- 
est to the absorption system, at a projected distance of 
~ 116 h^i kpc from the sight line. The boundary be- 
tween the warm photoionized high velocity gas and the 
hot halo enveloping the galaxy can give rise to transition 
temperature gas where O vi (and much of C iv) gets 
produced through collisional processes. 

The physical conditions in the warm photoionized gas 
of the z = 0.22496 high velocity absorber can be used to 
impose limits on the properties of the hot halo of galaxy 
G. In the context of the Milky Way, HVC structures are 
understo od to be confined by the thermal press ure of the 
halo gas (|Murafill2000l; iStanimirovic et al.ll2002j ). Assum- 
ing an isothermal halo of T ~ 2 x 10 6 K, pressure confine- 
ment predicts the density of the gaseous halo of galaxy 
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G to be n H - 1(T 5 cm- 3 at 100 kpc. Detecting HVC 
structures thus extends a direct observational constraint 
on the gas density in the diffuse outer halo of galaxies. 
By assuming a spherical halo of radius Rh — 200 kpc and 
uniform density, we obtain a rough estimate for galaxy 
G halo gas mass as ~ 6 x 10 9 M Q . 

6.2. z = 0.22638 Absorber 

In this absorber, we have fewer column density mea- 
surements to ascertain the ionization in the separate 
phases. The offset in velocity of v ~ —50 km s -1 between 
O vi and H I suggests that the two ion s, though spatially 
relate d, are tracing distinct gas phases (|Tripp et al.ll2000L 
2008). The broad and shallow Lya profile suggests that 
the absorber is a BLA (see Sec. 4). In the following 
sections, we treat the ionization conditions in the O vi 
(Sec 6.2.1, and 6.2.2) and BLA (Sec 6.2.3) gas phases 
separately. 

6.2.1. Can the O vi be Photoionized ? 

The photoionization code Cloudy (ver C08.00) was 
used to investigate the possibility of O vi tracing 
photoionized gas, with further constraints imposed 
by the non-detection of low/intermediate ions and 
C IV. The ioniz i ng rad iation field was modeled after 
lHaardt fc Madaul pOOl . For a given combination of 
metallicity and ionization parameter, the models were 
optimized to converge on the measured N(0 vi). The 
photoionization results are tabulated in Table 4. In the 
O vi phase, the H I to O VI column density ratio is con- 
strained to N(H i)/N{0 vi) < 10" 1 (see Table 2). Fig- 
ure 8 is a visualization of the H I line profiles predicted by 
the various photoionization models. As these synthetic 
profiles show, even for a very high ionization parameter 
limit such as log U < -0.1, at [Z/H] = -0.5 dex, H I 
is overproduced compared to data, evident from the ex- 
cess absorption at positive velocities with respect to the 
O vi line centroid. Moreover, for a log U ~ —0.1, the 
implied density is so low that it results in a very large 
path length (d ~ 0.4 Mpc) for the absorbing region. The 
Hubble flow broadening from a such a large path length 
is going to be a factor of ~ 1.5 larger than the measured 
6(0 vi) = 16 ± 2 km s" 1 . 

A photoionization solution simultaneously sat- 
isfying the path length constraint as well as 
the N(R l)/N(0 vi), N(C m)/JV(0 vi) and 
N(C w)/N(0 vi) limits is possible only at [Z/H] 
> dex. Even at solar metallicity, the ionization 
parameter in the O vi gas phase is limited to a narrow 
range of —0.8 < log U < —0.1, corresponding to a 
very low gas density of njj ~ 10~ 6 cm~ 3 . Even in 
these models, the size of the O vi absorbing region is 
predicted to be d > 10 kpc (see Table 4). A 10 kpc path 
length seems incompatible with the relatively symmetric 
and narrow absorption profile of O VI. The models 
estimate an equilibrium temperature of T ~ 3 x 10 K 
which suggests that > 90% of the O VI line width must 
be due to non-thermal effects. 

In summary, a photoionization origin is unrealistic 
for the O vi in the z — 0.22638 absorber. The very 
low densities predicted for photoionized medium (njj ~ 



10~ 6 cm -3 ) in order to not overproduce C in, C iv and 
H i from the same phase as O VI, results in large ab- 
sorber sizes for [Z/H] < dex. A large path length for 
the absorbing region is inconsistent with the symmetric 
and relatively narrow line profile of O VI, which shows 
no direct evidence of subcomponent structure. 

6.2.2. Can the O vi be Colltsionally Ionized? 

A second possibility is the production of O VI through 
the collision of ele ctrons with ions in a medium 
with T > 10 5 K. iThom fc Cher] (|200l show that 
N(0 vi)/A(H i) > 1 is possible in collisionally ion- 
ized gas even when the metal abundance is low. In the 
z = 0.22638 O vi absorber, the temperature implied by 
the O vi line width is T < 3.1 x 10 5 K (i.e., T < 10 5 5 K), 
which is close to the temperature at which O VI ioniza- 
tion fraction peaks under CIE. If line broadening is pre- 
dominantly thermal, then the temperature upper limit is 
sufficiently large to produce detectable amounts of O vi. 
The temperature upper limit is also consistent with the 
non-detection of C III, C iv and Ne vni ions. The non- 
detection of C in and C iv at the same velocity as O vi 
can be used to place a lower limit on the gas temper- 
ature. For T > 10 5 K, the C in ionization fraction 
rapidly declines. In CIE, the N(0 vi) > N(C in) and 
N(0 vi) > N(C iv) for T > 2.0 x 10 5 K. Therefore we 
can limit the temperature in the O vi gas phase to a nar- 
row range of (2.0 - 3.1) x 10 5 K (i.e., 10 53 K -10 5 - 5 K). 
In that range of temperatures, most of the oxygen will be 
in the 3+ state. However, the wavelength correspond- 
ing to the redshifted O iv A788 A line is contaminated 
by very strong Galactic H2 absorption, and thus we lack 
this crucial additional constraint. 

For any given combination of N(H 1) and [Z/H], there 
is a unique temperature at which the observed value of 
N(0 Vi) is recovered, assuming CIE conditions. For ex- 
ample, as shown in Figure 9, at 7V(H 1) = 10 126 cm~ 2 
and [Z/H] = -0.9 dex, the measured N(0 vi) is repro- 
duced by the CIE model at a temperature of T = 3.2 x 
10 5 K, which also satisfies the 7V(C iv) < 10 128 cm" 2 
limit. The N(C in) predicted by the CIE model is 
marginally consistent with the 3er upper limit. Since the 
iV(H 1) = lO 12 6 cm -2 is only an upper limit for H I at 
the same velocity as O vi (see Table 2), the metallicity 
estimation is indefinite. Also, the CIE model assumes a 
(C/O) relative elemental abundance ratio of solar, which 
is also not well constrained by the data. 

The T = (2.0 - 3.1) x 10 5 K predicted for the O vi 
phase is in the temperature range where radiative cool- 
ing is efficient. Departures from CIE are expected due 
to rapid metal line cooling. In Figure 7, we show the 

vi, C in and C iv column densities at [Z/H] = - 
0.9 dex for an isochorica lly cooling gas as computed by 

1 Gnat fc Sternberg (2007]). The ionization fractions of 
O vi as a function of temperature does not show signif- 
icant departure from CIE at -0.9 dex metallicity. Both 
the CIE and non-CIE predicitions for the C III and C iv 
column densities are also consistent with their respective 
upper limits. From the available column density infor- 
mation alone it is difficult to conclude whether the gas 
is in ionization equilibrium or not. 
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6.2.3. The BLA Gas Phase 

The H I at v = -53 km s" 1 from the Ovi AA1032, 1038 
lines is a BLA (see Sec 4). The temperature implied by 
the 6(H i) = 51 ± 2 km s" 1 is T ~ 1.6 x 10 5 K, assuming 
pure thermal broadening. There is a formal 3c detection 
of C in A977 A line, but no O VI, at the velocity of BLA. 
If the H I and C in are tracing the same gas, then 6(H i) 
and b(C in) imply T = 1.1 x 10 5 K. This value is a fac- 
tor of ~ 4 higher than the temperatures attained through 
photoionization. Nonetheless, we explore a range of pa- 
rameter space in metallicity and log U to evaluate the 
feasibility of photoionization in the BLA phase. The pre- 
dictions of the various models are tabulated in Table 5. 
It is evident that photoionization equilibrium models do 
not succeed in simultaneously explaining the H I, C in, 
C iv and O vi column density measurements and lim- 
its. More importantly, the predicted temperatures are 
inconsistent with the expected value from the H I and 
C in line widths. It is possible for the C in A977 A line 
to be a blend of unresolved components of smaller line 
widths. However, it is difficult to discriminate such a 
multicomponent structure in the present data, since the 
C in feature is very shallow and the S/N of the data 
inadequate. 

The temperature given by b(R i) and b(C in) suggest 
collisional ionization to be a more realistic scenario. At 
T = 1.1 x 10 5 K, the N(C in) predictions made by 
CIE and non-CIE models differ by ~ 0.4 dex. For the 
given N(H i) and temperature, the non-CIE models esti- 
mate the C abundance to be [C/H] ~ — 1.5 dex, whereas 
the CIE models estimate the abundance as ~ —1.8 dex. 
At the temperature given by the line widths, radiative 
cooling can be rapid leading to significant departures 
from equilibrium ionization fractions. Hence the non- 
CIE abundance estimation is preferred. 

In Figure 10, we display the non-CIE ionization curves 
for C in, C IV and O VI in an isochorically cooli ng gas 
at a chosen metallicity (|Gnat fc Sternberg! 120071 ). For 
comparison, the corresponding CIE predictions are also 
shown. At [C/H] = -1.5 dex and T = 1.1 X 10 5 K, 
the non-CIE model is able to the reproduce the ob- 
served C in to H I column density ratio. The /(H i) = 
JV(H l)/iV(H) ~ 10" 5 ionization correction given by the 
non-CIE model results in a total hydrogen column den- 
sity of AT(H) ~ 3.2 x 10 18 cm" 2 , signifying the BLA to 
be a substantial baryon reservoir. 

6.2.4. Physical Nature of the z = 0.22638 Absorber 

It is evident from the analysis presented in the fore- 
going two sections that the O vi and the H I in the 
z = 0.22638 absorber are tracing separate collisionally 
ionized gas phases. The absorber is situated in the vicin- 
ity of a luminous galaxy (see Sec 5), and thus it could 
potentially be a gasesous structure embedded within the 
galaxy's extended halo. The kinematic proximity of this 
system to the higher column density z = 0.22496 ab- 
sorber also leads to this possibility (see Sec 6.1.1). How- 
ever, the O vi in this absorber might not be produced in 
a typical warm - hot gas interface as in the multiphase 
Galactic HVCs, since we do not detect a warm gas phase 



for this absorber. At the boundary between the BLA gas 
and the hot corona of galaxy G, transition temperature 
gas would still form due to the temperature gradient. 
The T = 1.1 x 10 5 K for the BLA gas and the T > 10 6 K 
for the hot corona would result in transition tempera- 
tures within the T = (2.0 — 3.1) x 10 5 K range expected 
for the O vi gas (see Sec 6.2.2). 

The low carbon abundance of [C/H] — —1.5 dex and 
T ~ 10 5 K suggest that the BLA could be a fragmen- 
tation within the hot halo of galaxy G, born out of 
small-scale density or temperature perturbations. The 
presence of such condensation clouds in halos are a pre- 
dict ion of certain semi-analy tical galaxy formation mod- 
els (|Maller fc Bullock! [2004). In this scenario, the BLA 
gas must be a young condensation (~ 10 5 yrs) that has 
not cooled to the typical warm temperatures observed in 
HVCs. The O vi could in turn be produced at the tur- 
bulent layers formed at the boundary between the con- 
densing cloud at T ~ 10 5 K and the hot exterior medium 
described as the galaxy's corona. 

Kinematic displacement between the O vi and the 
H I could arise if the O vi gas is tracing an evap- 
orative flow within the conductive interface laye r 
(|Boehringer fc Hartauistl Il987t iBorkowski et all Il990j) . 
In the context of t he local interstellar medium, 
ISavage fc Lehneil (|2006i ) find that significant velocity off- 
sets (Av ~ 30 km s _1 ) between O vi absorption and 
tracers of the warm gas are reproducible in the evapora- 
tive phase of the interface evolution. Such evaporative 
flows from the warm to the hot medium are common 
during the initial ~ 2 x 10 6 yrs of an interface. We find 
that the N(0 vi) ~ 10 13 cm~ 2 predicted for the evap- 
orative stage is consistent with the O vi column den- 
sity measurement. However, there are two concerns with 
this possibility. Firstly, theoretical models for a young 
interface typically predict transition temperatures that 
are a factor of ~ 2 higher than the maximum tempera- 
ture permitted by 6(0 vi) ~ 16 km s _1 , although these 
predictions are dependent on model assumptions. Sec- 
ondly, the magnitude of the velocity offset depends on 
how steep the temperature gradient is between the sep- 
arate gas phases that form the interface layer. For the 
z = 0.22638 system, the difference in temperature be- 
tween the BLA and the hot corona may not be sufficient 
to generate flow velocities which fully account for the 
measured v ~ —50 km s _1 offset between the O vi and 
H I line centroids. 

Another circumstance that can result in a velocity off- 
set is if the BLA and O vi are tracing separate regions 
of shock heated gas formed when the co ndensing cloud is 
movi ng through a hot low density halo (Quilis & Moore 
l2001h . The collisionally ionized post shock region (gas 
behind a shock front) can produce O vi at tempera- 
tures consistent with the observed line width of O vi 
(jTumli nson fc F ang 2005a]). The velocity offset between 
the post shock region and the shock front will depend on 
the flow velocity and the geometry of the line of sight 
through the structure. With only one constraint (the 
offset velocity), it is difficult to explore such models. 

To summarize, the absorber z = 0.22638 is a multi- 
phase system. The column densities of O VI, C ill and 
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H I and their line widths suggests that collisional pro- 
cesses control the ionization in the absorber. The BLA 
is tracing T ~ 10 5 K gas that could be part of a cool- 
ing condensing structure within the halo which has not 
reached temperatures typical of the warm phase of the 
HVCs. We lack sufficient information to conclude on 
any unique physical model for the kinematic offset of 
~ —50 km s _1 between the O vi and BLA gas phases ex- 
cept that the kinematic offset is broadly consistent with 
the general predictions of conductive interface models as 
well as shock heated gas. 

7. DISCUSSION 

Our interpretation of the astrophysical nature of the 
two absorbers, and the environments they trace, are 
meaningful in the light of some recent results connect- 
ing O vi absorption systems to galaxies. From a survey 
of galaxies in quasar fiel ds with known O vi absorbers, 
iChen k Mulchaevl (|2009fl found that approximately 90% 
(10/11) of the absorbing galaxies in their sample are 
emission line dominated. Those galaxies that are ab- 
sorption dominated do not have O vi detected down to 
an equivalent width limit of W r (0 vi 1032) < 0.03 A 
in the spectrum of the background quasar. Thus O vi 
seems to be preferentially selecting gas-rich galaxies. The 
absorbing galaxies were also found to be part of group 
environments with their morphologies pointing to past 
events of interactions or satellite accretion. Such interac- 
tions were expected to contribute to the ~ 64% covering 
fraction of O vi estimated from their sample. The star 
formation rate which we derive from the strength of the 
Ha emission in the spectrum of galaxy G suggests on go- 
ing star formation, consistent with a gas-rich system (see 
Sec 5). It extends the possibility of the z — 0.22496 and 
z = 0.22638 O vi absorbers tracing gaseous structures 
which are associated with the extended environments of 
galaxy G. 

iTumlinson et al.l (|2005b|) have described the properties 
of two multiphase O vi absorbers along the line of sight 
to the low-z QSO PG 1211 + 143. A galaxy survey of 
the surrounding field showed that the two absorbers are 
situated within ~ 150/i _1 kpc of ~ L* galaxies. One 
of those galaxies is part of a spiral-dominated group. 
The O vi in both those absorption systems are inconsis- 
tent with a photoionization origin. The 6(0 vi) suggests 
gas temperatures of T > 10 5 K. Ion ratios in the two 
absorbers resemble the hi ghly ionized Galactic HVCs. 
ITumlinson k Fand (|2005a) propose that these absorbers 
are related to the nearby galaxies by outflows or tidal 
streams created from interactions with unseen satellite 
galaxies. It is possible for the z = 0.22496 absorber along 
the H 1821 + 643 sight line to have an analogous ori- 
gin. The multicomponent, multiphase absorption profile 
and the abundance ratio [Si/H] ~ —0.6 dex in the pho- 
toionized gas agrees with a description of the absorber 
tracing tidal debris embedded in the halo of its nearby 
galaxy G. An extended geometry like that of the Mag- 
ellanic stream would result in several conductive layers 
at regions where the high velocity gas interfaces with 
the galaxy's hot corona. The line of sight intercepting 
such multiple interface layers would explain the signifi- 
cant velocity spread of Av ~ 200 km s _1 in O vi and 



H I absorption as well as the N a (0 vi) ~ 10 14 3 cm 2 . 

The physical nature of the z = 0.22638 system is rele- 
vant for other BLAs with metals detected in the same gas 
phase. BLAs are characterized by large line widths b > 
40 km s" 1 and shallow abso rption iV(H i) < 10 14 cm~ 2 
(jRichter et al.l 12004 l2006bO . It is unclear whether the 
large line width is dominated by thermal or non-thermal 
effects. Thermal broadening would imply that BLAs 
are large reservoirs of baryons in the low-z IGM. De- 
tecting metals in the same phase as the broad Lycc gas 
will enable an accurate temperature estimation. For 
the z = 0.22638 BLA, the 6(H i) and b(C III) imply 
T ~ 1.1 x 10 5 K. The temperature indicates the gas 
to be heavily ionized (/ H l = N(R i)/N(H) ~ 10~ 5 ) 
with a substantial baryon column density of iV(H) ~ 
3.2 x 10 18 cm" 2 . 

The z = 0.16339 BLA absorber with &(H i) = 
46.3 ± 1.9 km s" 1 detected in the HE 0226 - 4110 spec- 
trum (Lehner et al. 2006) resembles the z = 0.22638 
absorber. In the z — 0.16339 system, there is a marginal 
(2.9<r) C in detection that appears shallow and broad, 
with no associated O vi. The lack of O vi detection 
points to low metallicity in the gas. If the gas is in CIE 
at T = 1.3 x 10 5 K suggested by the line width of H i, 
then the N a (C lll)/iV a (H i) ~ 0.01 ratio yields a carbon 
abundance of [C/H] ~ — 1.8 dex, an ionization correction 
of /(H i) - 9 x 10~ 6 and a AT(H) - 2.5 x 10 19 cm- 2 . 
These values are comparable to the low abundance and 
the high baryon content for the BLA phase in the z = 
0.22638 system. Interestingly, the z = 0.16339 BLA 
is also coincident in redshift (z — 0.1630) with a rela- 
tively bright galaxy (tub = 23.74) at a projected sepa- 
ration of - 226 h^l kpc (jChen k Mulchaevl I2009T) . The 
|Au| ~ 117 km s -1 velocity separation between the ab- 
sorber and the galaxy favors an origin for the absorption 
in some high velocity gas associated with the galaxy. The 
similarities in derived properties between the z = 0.22638 
and z — 0.16339 systems and their proximity to galaxies 
further emphasizes the likelihood of BLAs with metals 
in the same gas phase selecting low metallicity high ve- 
locity gas systems in external galaxies. The prospect for 
detecting such extragalactic absorbers is going to be sig- 
nificantly augmented in the near future with the advent 
of higher sensitivity observations using the Cosmic Ori- 
gins Spectrograph. 

The z = 0.22496 and z = 0.224638 absorbers being ex- 
tragalactic high velocity clouds has implications for our 
understanding of the nature of other O vi absorption 
systems. In a sample of 51 O vi systems at z < 0.5 
identified along 16 sight lines, Tripp et al. (2008) found 
53% of the absorbers to be complex multiphase systems 
with significant velocity offset between the O VI and H I 
absorbing components. Even among the fraction of ab- 
sorbers with closely aligned O vi and H I components, 
the temperature implied by the combined line widths of 
H I and O vi in 26% of the cases was T > 4 x 10 4 K. This 
temperature lower limit is inconsistent with photoionized 
gas. In such absorbers, nonequilibrium collisional ioniza- 
tion process is a distinct possibility for the production of 
O vi. The O VI could be tracing transition tempera- 
ture plasma in high velocity gas clouds embedded within 
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a galaxy halo. The fact that many O VI absorbers are 
clus tered around galaxies further supports this possi bil- 
ity (|Wakker fc Savagdl200l TChen fc Mulchaevll2009D . 

8. SUMMARY 

We have analyzed the properties of z — 0.22496 and 
z = 0.22638 multiphase absorption systems detected 
along the sight line to the quasar H 1821 + 643. The 
measurements are based on a combination of ultravio- 
let spectra from EST/STIS and FUSE. We also use the 
existing imaging observations of this quasar field from 
Savage et al. (1998) for information on galaxies in the 
vicinity of the absorber. The significant results from our 
analysis are summarized as follows : 

(1) The z = 0.22496 and z = 0.22638 O vi ab- 
sorbers are likely situated within the extended halo of 
a ~ 2L* Sbc-Sc galaxy within an impact parameter of 
~ 116 kpc from the line of sight. The absorbers are 
at 158 km s _1 and 191 km s _1 with respect to the sys- 
temic redshift of this galaxy. Also coincident in redshift 
are four other galaxies, at much larger impact parame- 
ters, revealing a group environment. 

(2) The z — 0.22496 system is a multiphase, multi- 
component absorber detected in H I, C II, Si II, C III, 
Si in, O in, C iv, and O vi. Si IV is tentatively de- 
tected. Comparison of apparent column density profiles 
show that the H I profile (particularly in higher order 
Lyman series lines) is better represented by the narrow 
multicomponent Si in absorption than by O vi. The 
O vi absorbing components are broader than the com- 
ponents detected in Si in and Si n. The kinematics of 
these components and their line widths suggest that the 
low/intermediate ions such as Si II, C n and Si ill are 
tracing a lower ionization and cooler gas phase than the 
phase traced by O VI. This lower ionization gas produces 
the bulk of the H I absorption. 

(3) The ionic column density ratios and the measured 
line widths of C II, Si II, and Si III in the z — 0.22496 ab- 
sorber are consistent with an origin in a medium that is 
predominantly photoionized. In this photoionized phase, 
the AT(Si n)/iV(Si m) = 0.2 in one of the absorbing com- 
ponents yields a density of njj = 2.5 x 10~ 3 cm' 3 , a total 
hydrogen column density of iV(H) = 3.9 x 10 17 cm~ 2 , a 
photoionization equilibrium temperature of T = 1.3 x 
10 4 K, a gas pressure of p/K ~ 71 cm -3 K and a path 
length of L ~ 51 pc for the absorbing region. The Si and 
C elemental abundances in this component are estimated 
as -0.6 ± 0.4 dex. 

(4) We find the z = 0.22496 absorber to be anal- 
ogous to Milky Way highly ionized HVCs detected in 
low, intermediate and high ions. Similar to the ion- 
ization conditions in highly ionized Galactic HVCs, the 
low/intermediate ions and bulk of the H I are consis- 
tent with having an origin in a warm (T < 5 x 10 4 K 
) photoionized gas phase, where as the high ions (pre- 
dominantly O vi) are more likely produced in a col- 
lisionally ionized transition temperature plasma (T ~ 
(2 — 3) x 10 5 K). The transition temperature gas is most 
likely formed at the interface layers between the hot 
(T > 10 6 K) coronal halo of the galaxy and the warm 



HVC cloud embedded within it. 

(5) If the photoionzed gas in the z = 0.22496 high 
velocity cloud is confined by the hot halo, then assuming 
a isothermal halo of T ~ 2 x 10 6 K, we derive a density 
of njj ~ 10~ 5 cm~ 3 at 100 kpc for the hot halo. 

(6) The z = 0.22638 system is a multiphase absorber 
with an offset of d ~ —50 km s _1 between the O vi 
and H I absorption. At the velocity of O VI, we mea- 
sure N a (R i)/N a (0 vi) < 0.2. The O vi line width of 
6(0 vi) = 16 ± 2 km s" 1 implies T ~ 3 x 10 5 K. The ab- 
sence of H i and C III absorption at the velocity of O vi 
is inconsistent with a photoionization origin for O VI. 

(7) The H I line width in the z = 0.22638 system im- 
plies that it is a BLA absorber. Coincident in velocity 
with the BLA, weak C HI is detected, but no O VI. The 
6(H I) = 51 ± 2 km s- 1 and b(C in) = 28 ± 4 km s' 1 
implies T = 1.1 x 10 5 K in this gas phase. At this temper- 
ature departures from CIE ionization fractions are sig- 
nificant for certain ions due to metal line cooling. Non- 
CIE models estimate a carbon elemental abundance of 
-1.5 dex in the BLA based on the N(C lll)/JV(H i) ~ 0.1 
constraint. The BLA represents heavily ionized gas 
(AT(H l)/N(R) ~ 10~ 5 ) with a total hydrogen column 
density of AT(H) ~ 3.2 x 10 18 cm -2 signifying a large 
baryon reservoir. This low metallicity BLA could be 
metal poor material accreted from the group environ- 
ment or one of the many cooling fragmentations born 
out of small-scale thermal instabilities within the hot 
galactic halo as proposed by Mailer & Bullock (2004). 
It could also be tracing the shock-front of a cloud mov- 
ing through the halo where the gas is compressed and 
heated to T ~ 10 5 K. 

(8) The collisionally ionized O vi in the z = 0.22638 
absorber could be produced in post-shock heated gas 
trailing behind a low metallicity cloud moving at high 
velocity (traced by H I and C in) through the halo of 
galaxy G. Alternatively, it could also be the evaporative 
gas of a relatively young (< 10 6 yrs) conductive interface 
between the T ~ 10 5 K BLA and the hot corona of the 
galaxy. The kinematic offset between the BLA and the 
O vi are roughly consistent with the general predictions 
of both these models. 
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Fig. 1. — System plot for the z(0 vi) = 0.22496 absorber in the continuum normalized spectrum of H 1821 + 643. The centroids of the individual absorbing components for each 
line obtained from Voigt profile fitting are labeled with vertical tick marks. The C IV AA1548, 1550 A and the Si IV A1403 A lines are low resolution STIS G230M grating data. The 
O III A833 A line and the Ne VIII AA770, 780 A lines are from a low resolution FUSE spectrum. The O III line is contaminated by Galactic Si II. The estimated contamination is 
shown using the synthetic line profile (red dotted line) superimposed on the spectrum. The velocity interval over which the C IV A1548 A was integrated to obtain the apparent column 
density is marked. The measurements are listed in Table 1. Lines that are not part of the system are labeled and identified as follows (1) O VI A1038 A from a metal line system at 
z = 0.1214 lITripp et al.H20011 ). confirmed by the presence of the O VI A1032 A line at A ~ 1157 A, Lya and Ly/3, (2), (3) and (4) Galactic Si II lines (5) H 2 line. 
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(middle panel) for the z = 0.22496 system. Even though the H I, O VI and Si III absorptions span approximately the same velocity interval, 
the component structure seen in the H I closely follows the component structure seen in Si III rather than O VI. This is indicative of the 
absorber having multiple gas phases with higher ionization conditions (or higher metallicity) in the O VI gas phase compared to Si III. The 
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profiles of the individual members of the O VI doublet arc shown in the bottom panel. The profiles show slight variations in the component 
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Fig. 3. — Rest-frame velocity centered system plot for the z(0 vi) = 0.22638 absorber in the continuum normalized spectrum of 
H 1821 + 643. The centroids of the individual absorbing components for each line derived from Voigt profile fitting are labeled with vertical 
tick marks. The C IV AA1548, 1550 A profiles are lower resolution (R = A/AA ~ 10, 000) STIS G230M grating data. The centroids 
of Lya and C III A977 A are offset from the O VI A1032 A line centroid by \Av\ ~ —50 km s — 1 . The predicted Ly/3 absorption profile 
corresponding to the two components seen in Lya is synthesized and over-plotted (red dash-dot line) on the relevant panel. The feature is 
weak and shallow and hence not detected. The measurements are listed in Table 2 and 3. Lines that are not part of the system are labeled 
and are identified as follows (1) O VI A1038 A from a metal line system at z = 0.21337 confirmed by the detection of O VI A1032 A, Lya, 
Ly/3 and Ly7 at the same velocity, (2) Galactic Sn A1259 A at v l sr ~ -15 km s _1 , (3) intrinsic C III A977 A; (4), (5) & (6) Galactic N 
I A1199 at v LSR ~ -136, -86, -31 km s" 1 respectively; (7) & (8) Galactic C IV A1548 A at v LSR ~ -275, -209 km s" 1 respectively, (9) 
Lya at z = 0.21674. 




WJELEN6TK ( a ) 

Fig. 4. — The right panel shows a section of the 10 minute integration WIYN R - band image of the H 1821 + 643 quasar field of size 1'.7 X 1'.8 with North to the top and East to the 
left. The image is taken from Savage et al. (1998). The left panel is ~ 25 A resolution spectrum of galaxy G published by Schneider et al. (1992). The Y-axis is flux density in units of 
5.75 X 10 — 31 ergs cm -2 s _1 Hz -1 corresponding to AB magnitude of 27. The redshift of the galaxy is determined as z = 0.2265 from the strong emission feature at A ~ 8125 A which 
is a blend of H a and [N II]. The weak H/3 and the expected location of the [O III] A5007 A emission features are marked. The galaxy G is at an impact parameter of p ~ 116 kpc 
from the line of sight. The extended source within ~ 4" from G is identified as a more distant galaxy at a redshift of z = 0.2986 (Schneider et al. 1992). 
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Fig. 5. — A comparison of the radiation fields relevant for the ionization of z = 0.22496 and z = 0.22638 absorbers. The extragalactic 
ionizing background (red) is obtained from Haardt & Madau (2001), which includes contribution from quasars, AGNs and photons escaping 
from young star-forming galaxies. An estimate of the galaxy's spectrum based on the calculations by Bland-Hawthorn & Maloney (1999) 
is shown in blue. The flux of escaping radiation from the galaxy has been scaled down to a distance of 100 kpc corresponding to the impact 
parameter of the galaxy G from the location of the absorbers. The combined ionizing flux from the galaxy and the extragalactic background 
radiation is shown in blue dash-dot line. The ionization edges of some of the key ions are marked. It is evident that the contribution from 
the galaxy is insignificant compared to the extragalactic ionizing radiation at z = 0.225. 




Fig. 6. — Expected column densities from photoionization models for the v ~ 31 km s 1 component seen in Si ill and Si II of 
the z = 0.22496 absorber in the spectrum of H 1821 + 643. The iV(H i) = 10 15 02 cm~ 2 is the H I that is coincident in velocity 
with this component (see Table 1). The ionizing background is from the Haardt & Maadu (2001) model for the relevant redshift 
and includes ionizing photons from quasars and star forming galaxies. The model that best fits the measured iV(Si Il)/iV(Si ill) 
yields an ionization parameter of log U = —2.6 corresponding to a total H density of n-pj = 2.5 x 10~ 3 cm~ 3 , a total H column 
density of N(H) = 3.9 x 10 17 cm -2 and thus a physical size of L — 0.05 kpc for the absorbing region. The measured N(Si n), 
N(Si ill), and N(C ill) are marked using respective symbols of bigger size. The predicted high ion (O VI, C iv) column densities 
from this photoionized phase are several dex smaller than the observed values. 
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Fig. 7. — Synthetic absorption profiles for v ~ 31 km s 1 Si ill and the corresponding Si II based on column densities predicted 
by a photoionization model with log U = —3.0 is over-plotted (blue, dash-dotted) on top of the data for the z = 0.22496 absorber. 
The photoionization models were optimized to recover the observed iV(Si ill). The v ~ 31 km s _1 Si ill component provides 
the best constraint for density in the photoionized phase of this absorber due to the weak Si II detection at the same velocity. 
The Si II to Si ill column density ratio gives the density in the photoionized phase as njj = 2.5 x 10~ 3 cm" 3 . The individual 
Voigt profile components for H I are plotted in red, and the combined Voigt profile model in green. An estimate of the silicon 
abundance in the v ~ 31 km s" 1 photoionized gas is derived by using the H I column density from the two component profile 
fit shown for the higher order Lyman lines. The H I component structure is not well determined (see Sec 6.1). 
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Fig. 8. — Synthetic Lya absorption profiles based on results from photoionization models for a range of log U and metallicities of 1/3 solar (left panel) and solar (right 
_ panel) are over-plotted on the data. The models were optimized to derive the measured O VI column density. The predictions of the models become consistent with 
^ the H I column density limit only for high values of ionization parameter such as log U > —0.5. However, such high ionization parameter result in unrealistically large 
path length for the O VI absorbing region (see Table 3). 
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Fig. 9. — CIE (solid) and non-CIE (dash-dot) model column density predictions for C in (blue), C IV (green), and O VI (red) 
as a function of temperature. The non-CIE model is for an isochorically cooling gas. The H I column density in these models is 
fixed to the estimated 3a upper limit of iV(H i) = 10 12 ' 6 cm -2 (see Table 2). The measured O VI column density is represented 
by the horizontal solid line. The C III, and C IV upper limits based on non-detection are marked using dotted and dashed lines 
respectively. The lower and upper temperature limits of 10 5 ' 3 — 10 5 ' 5 K, allowed by the data are marked by the two vertical 
dash-dot lines. Both CIE and non-CIE conditions appear to be consistent with the measurements. At a metallicity of -0.9 dex, 
the CIE and non-CIE ion fractions for O VI are not significantly different from each other. 




log [T (K)] 

Fig. 10. — CIE (solid) and non-CIE (dash-dot) column density predictions for C in (blue), C IV (green), and O VI (red) at 
different temperature. The non-CIE model is for an isochorically cooling gas. The H I column density in these models is set 
to the value measured for the broad Lya. The measured C ill column density is marked by the horizontal solid line. The 
Ovi AA1032, 1038 A and C iv AA1548, 1550 A lines are non-detections at the velocity of the BLA, and the corresponding 
upper limits are represented by the dashed and dotted lines respectively. The temperature T = 1.1 X 10 J K obtained from 
6(H i) = 51 ± 2 km s" 1 and b(C ill) = 28 ± 4 km s _1 is marked using the vertical dash-dot line. The dashed vertical line is 
the upper temperature limit if the entire BLA line width is due to thermal broadening. At the temperature implied by the line 
widths, rapid metal line cooling introduces a ~ 0.3 dex difference between the non-CIE and CIE column density predictions. 
From the given constraints, the non-CIE model estimates a carbon elemental abundance of [C/H] = -1.5 dex and a large baryon 
content of N(U) = 3.2 x 10 18 cm" 2 in the BLA. 
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TABLE 1 

Properties of the z = 0.22496 O vi Absorption System 



Line 
V A ) 


(mA) 


log N 
(cm J 


b 

^ Kill S ) 


[— v, +v] 
(km s j 


Notes 


Lya, P, 7, 6 




14.12 ± 0.12 
15.18 ± 0.03 
15.28 ± 0.03 
13.05 ± 0.21 


42 ± 6 
26 ± 2 
18 ± 1 
ou_ 10 


-96 it 9 
-40 ± 1 
18 ± 1 
71 it 1 


1 
1 
1 
1 


Lya, /3, 7, <5, e, ( 




13.87 ± 1.83 
15.12 ± 0.04 

1 r. 1 n _(_ n 09 

15.20 ± 0.02 
15.02 ± 0.05 


32 ± 14 

12 ± 2 

15 it 1 

13 ± 1 


-117 it 35 
-45 ± 1 

91 4 1 
— zo in 1 

20 it 1 

39 ± 1 


2 
2 
2 

2 
2 


Ly 7, C 




15.18 ± 0.01 
1 k of! 4- n ni 


32 ± 1 

9S 4- 1 


-41 ± 1 
22 it 1 


2 
2 


Lya 


847.1 ± 10.7 


> 14.7 


80 ± 2 


[-220, 130] 


3 


Hin \ \ 1 f~)Q9 1 HQS 
U VI -AAlUoZ, lUoO 




1 a 07 _i_ n no 
14. zi _t u.uz 

13.16 ± 0.11 


/t C -J- 
40 _t i 

10 ± 3 


fl 4- 1 
U it 1 

60 it 2 


1 

1 


Ovi AA1032, 1038 




13.39 ± 0.29 
13.30 ± 0.16 

1 A 1 A -J- fl DQ 
14.14 it U.Uo 

13.44 ± 0.03 


48 ± 30 
15 ± 3 

on -U 1 
oU it 1 

15 it 1 


-71 it 2 
-37 it 1 

7 4-1 
l ± 1 

60 it 1 


2 
2 

n 
Z 

2 


O vi A1032 




13.08 ± 0.07 
13.41 ± 0.15 
14.13 ± 0.03 
13.40 ± 0.03 


20 ± 4 

21 it 4 
31 it 2 
14 it 1 


-86 it 2 
-37 ± 1 
6 ± 1 
61 it 1 


2 
2 
2 
2 


\J VI AlVOO 




1 no _i_ n 
lo.yz it u.uo 

13.92 ± 0.09 

1 q 79 _l n 1 7 

IO. 1 Z HI U. -L 1 

13.22 ± 0.22 


ZO It z 

15 it 2 

I 8 4- 7 
10 ^ / 

II ± 3 


9^ 4- A 
— OO It 4 

6 ± 1 

^7 4- 1 

ul X 1 

65 it 2 


9 

2 
2 

2 


O vi A1032 
O vi A1038 


183.1 ± 9.0 

112.2 ± 9.4 


14.27 ± 0.02 
14.32 ± 0.04 


55 ± 4 
53 ± 5 


[-120,100] 
[-120, 100] 


3 
3 


ttt \ 1 onv 
ol III AlzU 1 


1Q 1fi X >i /IK 
lo.lO ± 4.40 

50.23 ± 3.35 
32.43 rt 3.00 


1 nf; J- n hq 
lz.UO ± U.Uo 

12.51 ± 0.01 

12.33 ± 0.01 


1 rr I O 
10 ± Z 

9 it 1 
6 it 1 


on _L 1 

3 it 1 
31 it 1 


2, 6 
2, 6 
2, 6 


Si 11 A1260 


4.8 ± 0.8 


11.61 ± 0.06 


4 =t 1 


29 ± 1 


2 


C n A1335 


21.83 ± 3.75 


13.08 ± 0.09 


10 it 3 


5 ± 


2 


C in A977 




13.39 ± 0.03 
13.62 ± 0.04 
13.17 ± 0.05 
13.54 ± 0.03 


16 it 1 
12 ± 1 
6 it 1 
64 ± 3 


-38 it 1 
-6 ± 1 

23 it 1 

24 it 1 


2 
2 
2 
2 


C in A977 
C iv A1548 
O in A833 
Si iv A1394 


301.6 ± 6.6 
126.8 ± 24.9 
188.3 ± 12.3 
8.9 ± 4.6 
8.5 ± 3.2 
17.8 ± 5.0 


> 14.0 

13 58+ - 07 
io.oo_ 09 

14 66+ 03 
12.07 ± 0.08 
11.96 ± 0.09 
12.28 ± 0.06 


46 ± 3 
41 ± 15 

46 it 4 
6 it 2 
4 it 2 

11 it 2 


[-80, 100] 
[-120, 100] 
[-70, 58] 
-35 ± 1 
1 it 1 
33 it 1 


3 
3 
3 

2, 5, 6 
2, 5, 6 
2, 5, 6 


Si iv A1394 
N v A1239 
No viii A770 


23.5 ± 24.9 
3.9 ± 15.8 

< 56 


< 12.9 

< 13.3 

< 14.2 




[-120, 100] 
[-120, 100] 
[-120, 100] 


4 
1 
4 



Note. — The velocity errors listed are from the profile fit code. They do not include the STIS and FUSE velocity calibration errors of ~ 3 km s _1 
and ~ 5 km s -1 respectively. (1) These measurements based on profile fits to t he absorption lines are taken from Tripp ct al. (2008). (2) Line 
parameters obtained from the profile fitting routine described in fChurchill 1997). (3) Measurement based on the apparent optical depth (AOD) 
method of Savage & Scmbach (1991). In the case of Lya and C III A977 A, the lines are strong and saturated and therefore the column densities 
arc upper limits. (4) Limits based on non-detection at the 3<r level. (5) The Si IV A1394 A could be a marginal detection. Since the components arc 
adequately resolved, we also quote the equivalent width for each component. The fit results arc based on the assumption that the weak features at 
the respective velocities arc Si IV. As it is an uncertain detection, we also quote a lower limit for the column density by integrating over a velocity 
range. (6) The components are adequately resolved, and hence wc list the equivalent width for each component. 
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TABLE 2 

Properties of the z = 0.22638 O vi Absorption System 



— 

Line 


— 


; — r, 

log N 


; 

b 




— v, +v 




— 

Notes 


(A) 


(mA) 


(cm 


(km s i ) 


(km s- 1 


) 




L,y a. 


< 107.0 


< 13.4 






-75, 75] 






< 25.0 


< 12.7 




2 x [0, 75] 


2 




< 12.2 


< 13.2 






-75,75] 




Ovi AA1032, 1038 


31.5 ± 3.8 


13.51 ± 0.04 


16 ± 2 




Oil 




3 


Ovi AA1032, 1038 


36.1 ± 1.3 


13.51 ± 0.01 


17 ± 1 




± 1 




1 


O vi A1032 


27.8 ± 2.5 


13.40 ± 0.04 


16 ± 3 




-30, 30 




5 


C n A1335 


< 15.5 


< 12.9 






-30, 30 




6 


C in A977 


< 15.6 


< 12.4 






-30, 30 




6 


C iv A1548 


< 25.7 


< 12.8 






-30,30 




6, 7 


Si 11 A1260 


< 14.8 


< 12.1 






-30,30 




6 


Si in A1207 


< 13.5 


< 11.9 






-30, 30 




6 


Si iv A1403 


< 40.4 


< 12.9 






-30, 30 




6, 7 


N v A1234 


< 16.9 


< 12.9 






-30, 30 




6 


Ne viii A770 


< 38.0 


< 14.0 






-30, 30 




6 


Nc viii A780 


< 38.0 


< 14.2 






-30,30 




6 



Note. — The velocity errors listed are from the profile fit code. They do not include the STIS and FUSE velocity calibration errors of ~ 3 km s _1 
and ~ 5 km s _1 respectively. (1) The H I centered on the O VI line is likely affected by blending with the stronger broad Lya feature. Hence the 
equivalent width and column density measurements arc upper limits. (2) The equivalent width was measured by integrating over the positive side 
of the O VI line profile where there is negligible blending with the broad Lya feature. The equivalent width was then doubled to get an upper limit 
on the measurement, and subsequently the column density was determined assuming that the line is in the linear part of the curve of growth. (3) 
The line parameters are fit results taken from Tripp et al. (2008) and obtained by a simultaneous Voigt profile fit to both members of the O VI 
doublet. (4) Line parameters obtained by combining the Voigt profile fitting procedure AUTOVP (Dave et al. 2000) and % 2 minimization routine 
MINFIT (Churchill et al. 1999). (5) Measurement based on the apparent optical depth (AOD) method of Savage & Sembach (1991). (6) A 3tr 
upper limit based on non-detection. (7) Measurement based on a lower resolution STIS G230M grating spectrum. 



TABLE 3 

Properties of the broad Lyce Absorption System 



Line 


W r 


log N 


b 


[— v, +v] 


Notes 


(A) 


(mA) 


(cm -2 ) 


(km s — 1 ) 


(km s" 1 ) 




Lya 


151 ± 10.8 


13.52 ± 0.02 


56 ± 4 


-53 ± 2 


1 


Lya 




13.50 ± 0.01 


51 ± 2 


-50 ± 1 


2 






12.30 ± 0.01 


14 ± 3 


-127 ± 1 


2 


Lya 




13.51 ± 0.02 


56 ± 4 


[-160,55] 


3 


O vi A1032 


< 9.4 


< 12.9 




[-100,-35] 


4 


C in A977 


17.3 ± 5.4 


< 12.6 




[-100, -35] 


5 


C in A977 




12.56 ± 0.05 


28 ± 4 


-52 ± 2 


6 


C iv A1548 


< 31.0 


< 12.8 




[-100, -35] 


1 



Note. — The velocity errors listed are from the profile fit code. They do not include the STIS and FUSE velocity calibration errors of ~ 3 km s 1 
and ~ 5 km s _1 respectively. (1) These measurements are taken from Tripp et al. (2008), where a single Voigt profile is fit to the BLA absorption 
feature. The velocity of v = —53 ± 3 km s _1 corresponds to the velocity offset of the BLA line ccntroid from z — 0.22638, the rcdshift of the 
O VI absorber. (2) Line parameters obtained by combining the Voigt profile fitting procedure AUTOVP (Dave et al. 2000) and x 2 minimization 
routine MINFIT (Churchill et al. 1999). The Lya profile is resolved into two components, where one of the components is a BLA (see Figure 1). 
(3) Measurement based on the apparent optical depth (AOD) method of Savage & Sembach (1991). (4) Upper limit derived by integrating the 
wavelength region corresponding to the rcdshiftcd O VI A1032 A line over the velocity interval given in the table. The column density limit was 
derived assuming that the measurement is in the linear part of the curve of growth. (5) Line parameters obtained by Voigt profile fitting. The 
velocity corresponding to the ccntroid of the profile fit, is within la of the BLA line centroid. 
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